Railguns use a high-current, high-energy electrical pulse to accelerate projectiles to hypersonic velocities. Pulse-forming networks that employ capacitors as the energy store are typically used to shape the required electrical pulse. A significant fraction of the stored energy (2% to 40% in large caliber railguns) is converted to projectile kinetic energy during launch. After the projectile exits the launcher, the balance of the energy has either been dissipated as heat in the circuit components or is stored in system inductance. If an energy recovery scheme is not employed, the inductor energy will also be dissipated in the resistance of the active circuit components. A circuit analysis has been performed in order to calculate the current profile from the PFN. A higher fidelity solution was achieved by accounting for the temperature dependent resistance of the rails. This information along with individual component resistance and inductance was used to calculate the distribution of energy subsequent to a single pulse. Detailed component heating information is important when considering the overall thermal management of the system. Once this information has been obtained, the components that require external cooling can be identified, and an appropriate thermal management system can in turn be designed.
I. INTRODUCTION
T HE ELECTROMAGNETIC railgun has been proposed as a weapon that could enable the U.S. Navy to conduct longrange surface fire support missions [1] . Several investigations have been published to date that examine the capacitor based pulse-forming network (PFN) that would be required [2] . These investigations have typically focused on determining the total energy required in order to achieve the desired launch velocity. In many cases the individual resistance of several components have been combined into a total effective resistance. Bernardes et al. examined a capacitor based system that would be used to launch a 20-kg launch mass at 2500-m/s velocity [2] . Pitman et al. [3] used equations developed by Parker et al. [4] to simulate a capacitor based system by solving the governing equations using a Runge Kutta method. This investigation will use a similar approach however the system of equations has been solved using a second-order finite-difference method.
The most complicated component in the system is the launcher itself. The resistance of the launcher changes with time as the projectile physically moves down the barrel and the magnetic field diffuses into the rail. Several investigations have been performed using an analytical approach [5] , segmented rail with an effective height [6] , [7] , segmented rails where the magnetic field diffuses into multiple surfaces [8] , and full three-dimensional simulations of the launcher [9] . In this paper, an effective height model is used to simulate the transient rail resistance based on the method presented by Parker et al. [7] .
II. CIRCUIT MODEL In order to determine the heat generation in each of the components of the PFN, the entire circuit had to be modeled. The specific circuit that was modeled in this investigation is shown in Fig. 1 and is based on the requirements for the notional naval railgun. Each module is triggered by an array of thyristors. An array of crowbar diodes prevents the circuit current from ringing. The following rules were implemented in the circuit code: 1) the diode is not included in the circuit until after the capacitor has discharged; 2) once the capacitor has fully discharged the diode prevents that capacitor from recharging and thereby removes the thyristor, bus bar, and capacitor from the circuit. As shown in Fig. 1 , the individual resistances of the following components were included in the circuit: thyristors, diodes, bus bars, capacitors, inductors, launcher, and the shunt. At the completion of each shot, all of the energy not transferred to the launch mass ultimately represents a resistive heat load U.S. Government work not protected by U.S. copyright. in one of these components. It was assumed that the railgun muzzle shunt is purely resistive, and that no attempt was made at energy recovery.
The governing differential equation for the charge in the circuit is given by the following equation [4] : (1) where is the charge of the capacitor for that segment and the summations are taken over the segments that are currently active, . The subscript denotes a particular segment and is used to identify the resistance, ; capacitance, ; and the inductance, , of that segment. The subscript refers to the system components that experience the total current summed over the individual segments. The resistance of the system, , includes the resistance of the launcher, the resistance of the armature and the electromotive force on the armature. Equation (1) is then used to express the time varying charge of each active segment. Using a finite-difference approach for the first and second order derivations, the system of differential equations can be solved simultaneously. Equation (2), shown at the bottom of the page, shows the system of equations when there are three active segments, the size of the matrix grows as more segments are triggered, where
The subscript represents the time increment. The solution of this system of equations yields the charge in each capacitor segments at the future timestep . Fig. 2 shows both the total current and the current of each individual segment during a simulated shot of a notional naval railgun. This simulation is based on launching a 20-kg mass to 2500 m/s using a 135-mm square bore and a barrel length of 12 m. Table 1 provides the values of the key parameters used in this simulation. These values were typically based on the components to be used in the pulsed power system designed for installation at NSWC Dahlgren Division. It was assumed in this simulation that only the launcher resistance varied with time.
The resistance of the launcher was determined using an effective height model based on a 135-mm square bore [6] - [8] . In order to calculate the effective height, the nonuniform surface current profile around the perimeter of the rail cross section must be calculated. The effective height is then determined by equating the power dissipated in a surface layer on the perimeter of the rail, with a uniform current distribution on the front surface of a rail with an effective height [7] . Since the assumption was made that the current is uniform on the inside surface of the rail, a one-dimensional finite-difference approach was used to account for the diffusion of the magnetic field into the conductor. The temperature dependence of the resistivity of the rail material was taken into account, along with thermal diffusion Fig. 3 . Energy distribution after a single shot using the parameters given in Table I. occurring within the current pulse. It has been previously shown that it is necessary to account for thermal diffusion during the current pulse [8] .
III. HEAT GENERATION
The distribution of energy after the first shot is shown in Fig. 3 . It is apparent that the majority of the energy is converted into the kinetic energy of the projectile. The resistive heating of the launcher is the third largest energy load. The effective height model is conservative; because, in order to apply an average current to a single surface, a higher average current is applied to a smaller total area. While the dissipated power for a surface layer is retained, this results in higher predicted temperatures than some areas of the rail would experience due to the lower thermal mass. Coupled with the temperature dependence of the electrical resistivity in the model, this increases the resistive load. The highly resistive shunt used in this simulation collects the majority of the energy that remained in the magnetic fields of the launcher when the projectile departs. Energy recovery should be considered [10] . However, great care will need to be taken such that these attempts do not increase the heat load throughout the rest of the system. An alternative may be to use a resistive shunt that has been designed with an effective cooling system. This will assure that the heat is dumped in an area where it is easily managed. The timestep used in the simulation was systematically reduced until the total energy after the shot in the form of heat and kinetic energy was within 0.1% of the initial energy stored in the capacitor banks.
Once the heat generation is known for each component of the circuit, the change in the bulk temperature of each component can be calculated. It is assumed that each component is heated uniformly; however, localized temperature differences in the capacitor, thyristor, and diodes are expected and will limit the steady state operating temperatures of these devices. If the component is comprised of several materials, the mass fractions were used to determine a composite specific heat. Table II shows the energy deposited in an individual component and the component mass, specific heat, and change in temperature after a single shot. The maximum energy deposition per component came from the first segment of discharged modules, which deliver the highest currents. For the components that are only in the circuit while the capacitor is discharging, the heat load per component was fairly consistent across all of the segments. The inductor, cables and diode of a previous segments can be influence by the discharge of subsequent capacitors, therefore the heat load was higher for these components the earlier the segment was discharged.
In order to calculate the surface heat flux reported in the last column of Table II , the heat generation rate of each component was determined by taking the pulsed heat load and distributing that load over the time periods between pulses based on a firing rate of six rounds per minute. The surface area of each component was then approximated based on a system that has been designed for a 32-MJ Launcher to be built at NSWC Dahlgren Division.
The thermal mass of the capacitors and the bus bar will enable these devices to be fired a large number of times without any external cooling. Air cooling of the capacitor segments and the bus bar is a distinct possibility due to their high thermal mass and surface area. In the event that these systems are air cooled, they represent a significant heat generation rate of 724 kW that should not be dumped onto HVAC system without careful consideration. While the heating of these components should not adversely influence the system for several hundred shots, this heat must ultimately be removed by the HVAC system which represents a system inefficiency and fuel cost. It is conceivable that these systems could be designed such that their compartments could be cooled using external air in unconditioned spaces, although this may be difficult in a marine enviroment.
In the event that the system will maintain a sustained rate of fire for more than a few rounds; the inductor, diodes, thyristors, and cables will require an active cooling system. The surface heat flux shown is the very upper end of air cooling and would require complicated heat sinks and/or higher operating temperatures. In addition, unlike the capacitor banks this would represent an immediate heat load to the compartment that contains these devices. The cables are perhaps the easiest to air cool and the hardest to liquid cool due to their geometry, however they also represent a significant heat load. The heat load of 1.6 MW calculated was based on 30-m-long cables which could be reduced by using additional cables and shorter cables as necessary.
IV. CONCLUSION
A capacitor-based pulse-forming network has been modeled and transient behavior solved using a finite-difference approach. Using this approach allowed the simulation to account for a large number of individually triggered capacitor banks and therefore a very smooth current profile. The solution of the circuit was coupled with a finite-difference solution for the penetration of the magnetic field and resistive heating of the launcher. The individual resistance of the capacitors, inductors, thyristors, diodes, bus bar, cable, and the muzzle shunt were included in the model so that the heat generation rate could be calculated for each component. Once the deposited energy was known the temperature rise of the individual components could then be calculated. It was evident that the thermal mass of the capacitor banks will allow them to be fired a large number of times even without a cooling system. The inductors, diode, thyristor and cables will likely require liquid cooling otherwise these systems will present a large transient load on the HVAC system.
